1. Introduction {#sec1}
===============

A face guard (FG) is a protector worn by an athlete that allows a speedy and safe return to play after sustaining maxillofacial traumatic injury (which can occur in contact sports \[[@B1]--[@B6]\]), and they are widely recognized as an effective form of treatment \[[@B7]--[@B18]\]. A FG must fulfill the following three requirements: (i) to protect the player from reinjury (protection ability), (ii) to avoid injury to other players (safety), and (iii) to avoid a narrowing of the player\'s field of vision (maintain performance) \[[@B10]\]. If one consults the*Laws of the Game* by the Fédération Internationale de Football Association (FIFA) \[[@B19]\], the first two requirements are as follows: "a player may use equipment other than the basic equipment, provided that the sole purpose is to provide physical protection and that no danger is posed to the wearer or any other players." In addition, any effects of the FG on the field of vision must be minimized to maintain the performance of the player (requirement (iii)). Objective data taken from visual field tests have illustrated the clinical effectiveness of the FG and have demonstrated that any effects of the FG on the field of vision must be minimized \[[@B20]\].

A questionnaire answered by players after FG usage revealed that they were satisfied with the protective ability of the FG (requirements (i) and (ii)) but were dissatisfied with the comfort, claiming that it slipped off while playing and narrowed their field of vision; therefore, thinner and lighter FGs are required. Professional players in particular insisted on improvements to the FG\'s field of vision and bulkiness \[[@B15], [@B20]\].

A FG is usually constructed of a thermoplastic resin as the core material to form a certain shape and to protect the face area from damage. Its inner and outer surfaces are covered with a cushioning material. The forming temperature of the thermoplastic resin is a very important aspect of the FG fabrication process. If the required molding temperature is sufficiently low, expensive vacuum and/or pressure thermoforming machines are not required because the materials can be easily molded using hot water or hot plate in combination with applied finger pressure \[[@B11], [@B15], [@B16], [@B21], [@B22]\]. However, thermoplastic resins with low molding temperatures exhibit relatively low mechanical properties; therefore, FGs with these thermoplastic resins are generally thicker than those that use thermoset resins \[[@B23]\]. Their higher thickness leads to a decrease in the performance of the player.

To solve this problem, Abe et al. attempted to reduce the thickness of the conventional hard thermoplastic by reinforcing it with fiberglass \[[@B24], [@B25]\]. The composite material is widely known as fiber-reinforced thermoplastic (FRTP). They reported that FG constructed from FRTP have remarkable shock absorption abilities and can be manufactured to be more than 1.7 mm thinner than FG comprising conventional thermoplastics.

In clinical application, a thick hard thermoplastic material and buffering space are used to cover maxillofacial traumatic injuries to prevent any direct impact to the damaged area \[[@B15]\]. Takeda et al. indicated that mouth guards incorporating a hard insert and buffering space improved their shock absorption ability \[[@B26]--[@B30]\]. The concept consisted of using a deformation of the hard insert (similar to a structural feature termed a crumple zone or crush space used in automobiles) to absorb and diffuse the energy of the impact away from the most important area, for example, maxillofacial traumatic injured area (or tissue) and/or the most dangerous area, for example, maxillary anterior teeth.

However, the effectiveness of improving the shock absorption ability and decreasing the weight and thickness of the FG combined with a hard insert constructed from FRTP and that including a buffering space has not been verified. The purpose of this study is to evaluate the shock absorption ability of a trial FG incorporating FRTP and buffering space, and we demonstrate that the trial FG is lighter and thinner than conventional FG and has sufficient shock absorption ability.

2. Materials and Methods {#sec2}
========================

2.1. Materials {#sec2.1}
--------------

Aquaplast (AP; Homecraft Rolyan, Huthwaite, North Nottingham, UK, 3.2 mm thick (AP32) and 1.6 mm thick (AP16)) was selected as the commercial thermoplastic resin for the medical splints, and a homemade glass-fiber-reinforced thermoplastic material (GF) was examined for the FG core material ([Table 1](#tab1){ref-type="table"}).

2.2. Preparation of Glass-Fiber-Reinforced Thermoplastics {#sec2.2}
---------------------------------------------------------

The homemade glass-fiber-reinforced thermoplastic materials were prepared using a previously reported method \[[@B24]\]. Using AP16 and sheets of plain-woven E-glass fiber cloth (M100X104H, Unitika, Osaka, Japan, with a density of 100 g·m^−2^), a vacuum hot press method was used to create GF containing four sheets of glass fiber cloth with two sheets on each outer surface \[[@B24]\]. The AP16 and the sheets of fiberglass cloth were separately shaped into squares with a side length of 110 mm using an ultrasonic cutter (Labo Sonic Cutter model NE87; Nakanishi Inc., Tochigi, Japan). The AP sheet was placed between the fiberglass cloth sheets and pressed using a hot press machine (modified AH-1T, AS ONE Co., Osaka, Japan) at 180°C with a final compression load of 8000 N in order to reduce the thickness to 1.5 mm. The process was carried out while evacuating using a vacuum pump (MINIVAC PD-52; Yamato Scientific Co., Tokyo, Japan).

2.3. Three-Point Bending Test (Specimens and Condition) {#sec2.3}
-------------------------------------------------------

The three-point bending tests were configured according to Japanese Industrial Standards (JIS) K7171-2008 and K7074-1988 \[[@B31], [@B32]\] using a universal test machine (EZ-LX, Shimadzu Co. Ltd., Tokyo, Japan). Specimens for analysis were prepared using an ultrasonic cutter and their dimensions were measured using a micrometer (Model Number: 293-421-20; Mitsutoyo, Kanagawa, Japan, with a minimum reading of 0.001 mm). The flexural strength and modulus were calculated based on the following equations using analysis software (TRAPEZIUM X ver. 1.4.0; Shimadzu Co. Ltd., Tokyo, Japan):Flexural strength = 3(*Fl*/2*bh*^2^).Flexural modulus = *F*~1~*l*^3^/4*bh*^3^*d*.

*F* is the maximum load (N), *l* is the width of the support span (mm), *b* is the width (mm) of the specimen, *F*~1~ is the load (N) at any given point in the straight-line portion of the trace, and *d* is the deflection (mm) at load *F*~1~. Five specimens were examined for each material.

2.4. Shock Absorption Test (Specimens and Condition) {#sec2.4}
----------------------------------------------------

A buffering space of 30 mm in diameter was incorporated into the center of the AP16 sample using an ultrasonic cutter (APS). An AP16 and GF as a cover material (a square with a side length of 50 mm) and an APS for the bottom material (a square with a side length of 100 mm) were prepared using the ultrasonic cutter. One side of the AP16, APS, and GF surface coatings was removed using dichloromethane (special grade, Sigma-Aldrich, St. Louis, MO, USA). Next, the AP16 and APS (AP-APS) and GF and APS (GF-APS) were bonded on the inside of the coating-removal surface using a hand pressed method. This is possible because the coating-removal surface has self-adhesive properties. The samples used for the shock absorption tests were covered with a cushioning material (Neoprene, Homecraft Rolyan, Huthwaite, North Nottingham, UK) on both sides using a 2 g cyanoacrylate adhesive (Aron Alpha \#35045, Konishi Co., Osaka, Japan) 24 hours prior to analysis, as shown in [Figure 1](#fig1){ref-type="fig"}.

Shock absorption tests were carried out using an impact-testing machine (modified IM-201, Tester Sangyo Co., Saitama, Japan) ([Figure 2](#fig2){ref-type="fig"}). The impact was applied to the samples by a 500 g weight dropped from a height of 240 mm onto a steel rod positioned directly above the sample with a 3/16 inch diameter rounded end. Two measuring systems were used: a load cell and a pressure-measurement film.

The impact load was measured by three dynamic compression load cells (LMB-A-2KN, Kyowa Electronic Instruments Co., Tokyo, Japan), which were placed in a triangle below a 10-mm thick stainless steel platform supporting the specimen. During the applied impact, the load was recorded by a universal recorder with data acquisition software (EDX-100A and DCS-100A, resp., Kyowa Electronic Instruments Co., Ltd., Tokyo, Japan) at a sampling rate of 20 kHz. The total impacted load could be calculated as the sum of the loads recorded by the three load cells. The maximum load after the impact was defined as the maximum load. Results taken without a specimen were recorded for reference.

The impact pressure distribution below the FG was estimated using a pressure-measurement film (Presheet, Fujifilm Corp., Tokyo, Japan), which was placed under the specimen. Films with two different sensitivities (covering pressure ranges of 2.5--1.0 MPa and 0.5--2.5 MPa, resp.) were applied. The pressed region of the film exhibits red discoloration depending on the pressure. The pressure distribution and maximum pressure were analyzed using image analysis software (Data Shot FPD-100S ver. 1.0; Fujifilm CO., Tokyo, Japan; ImageJ ver. 1.47t; National Institutes of Health (NIH), Bethesda, MD, USA \[[@B24], [@B25]\]). Five impact loads were applied to each specimen, and five specimens were examined for each set of conditions.

2.5. Statistical Analysis {#sec2.5}
-------------------------

The obtained results were analyzed using a one-way analysis of variance with Tukey\'s honestly significant difference test using statistical software (JMP ver. 11, SAS Institute Inc., Cary, NC, USA) with a significance level of 5%.

3. Results {#sec3}
==========

3.1. Three-Point Bending Tests (Flexural Strength and Modulus) {#sec3.1}
--------------------------------------------------------------

[Figure 3](#fig3){ref-type="fig"} shows the flexural strength (left axis) calculated from the three-point-bending tests. None of the specimens fractured during the experiment. The flexural strength of GF (64.4 ± 8.8 MPa) was greater than that of AP (c.a. 27 MPa (specifically, AP32: 25.7 ± 0.5 MPa, AP16: 28.8 ± 0.4 MPa)). The flexural modulus (right axis) from the three-point bending tests is also shown in [Figure 3](#fig3){ref-type="fig"}. The flexural modulus of GF (7.53 ± 0.99 GPa) was significantly greater than that of AP (c.a. 0.5 GPa (AP32: 0.46 ± 0.02 GPa, AP16: 0.52 ± 0.03 GPa)) and those of the other commercial thermoplastic resins used to prepare medical splints (0.47--2.25 GPa) \[[@B24]\].

3.2. Maximum Load during the Impact Test {#sec3.2}
----------------------------------------

When no specimen was included, the maximum load was 5010 ± 111 N. After inclusion, a decrease in the maximum load was observed, as shown in [Figure 4](#fig4){ref-type="fig"}. The maximum loads of AP32 and AP16 were 505 ± 32 N and 871 ± 67 N, respectively. The maximum loads of AP-APS (455 ± 27 N) and GF-APS (382 ± 18 N) were lower than those of the FG without a buffering space, that is, AP32 and AP16.

3.3. Pressure Distribution under the FG {#sec3.3}
---------------------------------------

[Figure 5](#fig5){ref-type="fig"} shows pressure distributions and the histograms measured using the pressure-measurement film in the shock absorption tests. The maximum pressure was also analyzed from the pressure-measurement film results ([Figure 6](#fig6){ref-type="fig"}). The maximum pressure of AP16 (12.25 ± 1.12 MPa) was greater than that of the other samples. The impressed pressure areas (greater than 0.5 MPa) of AP32 and AP16 were significantly greater than that of the GF-AP samples. The maximum pressures of AP32 and AP-APS were 1.19 ± 0.41 MPa and 2.68 ± 0.52 MPa, respectively. The maximum pressure of GF-APS could not be determined because it was below the observable pressure range (0.5 MPa) of the pressure-measurement film.

4. Discussion {#sec4}
=============

The three-point bending tests were used to determine the flexural strength and modulus. The flexural strength is determined by the maximum stress achieved during the tests, which indicates how much stress could be applied before the fracture occurred. The flexural modulus is determined by the material constant of deflection, which represents how easily the material can be bent within the elastic deformation limits. Core materials that have a higher flexural modulus covered with the cushioning material are expected to more effectively diffuse the impact, because they cause the cushioning material to compress beneath the core material \[[@B24]\]. GF showed greater flexural strength and modulus; therefore, it is expected to be a suitable core material.

The three load cells used in the present study can monitor the total load transmitted under the FG materials. GF-APS showed the lowest maximum load (382 ± 18 N), which was 75% of that of the conventional FG (AP32). In this study, the impact load of a free-falling weight (500 g) from a height of 240 mm (5010 ± 111 N) was used. This impact force is comparable with the impact load of fracture of the strongest part of the human maxillofacial bone (maxilla), which has been reported to be between 4930 and 5780 N \[[@B33]\]. The minimum load of fracture of the weakest part of the maxilla was reported to be 1088 N \[[@B34]\]. The results indicate that, by using GF-APS, the strong impact such as the impact of fracture of the strongest part of the maxilla is reduced to the lower impact than the impact of fracture of the weakest part of maxillofacial bone.

The impact load absorption capability, which is the ratio of the decreased impact load by the FG material compared to the original impact load, has often been discussed \[[@B33], [@B35], [@B36]\]. Previous research using an impact load system similar to that of the present study reported that the impact load absorption capabilities of the commercial medical splint materials ranged from 85 to 88% \[[@B35]\]. These results agree with the results of the present study (83 to 90%). The impact load absorption capabilities of AP-APS and GF-APS, which include a buffering space, are 91% and 92%, respectively, which indicates these specimens are superior to specimens without the buffering space (AP32 and AP16). These results suggest that the buffering space can reduce impact because of the deformation of the AP or GF.

By exhibiting a change in color to red, the pressure-measurement film can precisely record impact \[[@B37]\], and the level of pressure can be analyzed from the color density using a digital camera or scanner and analysis software. As previously mentioned, each pressure-measurement film has a limited range of sensitivity, and, for the present study, pressure-measurement films with two different sensitivities were employed. However, pressures below 0.5 MPa and over 10 MPa could not be detected using these films, and, as a result, pressures applied did not exceed these limits for samples analyzed (except for the reference). In general, specimens with a lower maximum pressure exhibited a smaller impressed area. FG materials with a lower maximum pressure are preferable for protecting injured areas. Therefore, the AP-APS and GF-APS are more suitable than AP16 for FGs. The maximum pressure of AP-APS is clearly higher than those of AP32 and GF-APS. The maximum pressure of GF-APS could not be detected because it was below the threshold value of the pressure-measurement films (0.5 MPa). This suggests that the degree of bending of the AP-APS cover material is larger than both the buffering space and the shock through the specimen. This is because AP is soft, and its flexural strength and modulus of AP are low. However, the degree of bending of the GF-APS cover material is smaller than that of the buffering space because the flexural strength and modulus of GF are higher than those of AP; thus, GF can sufficiently protect the buffering space, as shown in [Figure 3](#fig3){ref-type="fig"}. However, the degree of bending of the GF-APS cover material is smaller than that of the buffering space because the flexural strength and modulus of GF are higher than those of AP; thus, GF can sufficiently protect the buffering space. A decrease in the maximum pressure signifies a good dispersion of impact. These results suggest that GF-APS possesses suitable shock absorption properties for FGs, despite being relatively thin.

Including a buffering space enables constructing a FG that is thin and light and effectively absorbs shock. The thickness and weight of the core materials used in these FGs are approximately half of those that incorporate AP32 (the differences in weight between AP32 and AP16, AP-APS, and GF-APS are 16.2 g, 13.3 g and 12.9 g, resp.). The covering materials used and the thickness of the buffering space are very important to disperse and absorb impact. In this respect, AP-APS is not a suitable candidate due to its poor dispersion properties. This is because even if the material has strong absorbing properties there will still be a transmission of impact to the area of the traumatic injury. Preferably, the cover material exhibits a higher flexural modulus, for example, FRTP. Therefore, the shock absorption property of the experimental FG constructed from FRTP and including a buffering space would adequately protect injured players from impact while at the same time improving both the player\'s field of vision and the comfort of the FG.

The fabrication of FRTP requires a complicated process and additional costs compared to applying commercial medical splint materials without fiber such as AP. A FG requires about 250 mm × 200 mm of core materials to cover the face. Therefore, the amount of FRTP used should be minimized to supply low-cost FGs. The design adopted in this study requires small area (a square with a side length of 50 mm) of FRTP, which sufficiently covers the buffering space (30 mm in diameter). Therefore, additional costs related to the materials and the preparation time of this method are kept to a minimum. In addition, for this study, FRTP is prepared from AP; we demonstrate that because these thermoplastics have the same matrix, they can easily be joined together.

Our results are encouraging; however, this study only presents a trial FG and some tests. Future work must be carried out using the real FG in real use conditions to reveal its protective ability and other properties, such as whether it is comfortable to wear.

5. Conclusion {#sec5}
=============

In this study, we prepared novel FG materials that incorporated GF and a buffering space. Their shock absorption ability was compared with those of commercial specimens, which increased while decreasing the total thickness and weight of the FG materials.
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![Cross-sectional views of the four investigated types of FG materials: (a) AP32 (conventional face guards), (b) AP16, (c) AP-APS, and (d) GF-APS.](BMRI2018-6503568.001){#fig1}

![(a) Schematic diagram of the shock absorption test equipment. The experimental force of impact was applied by a free-fall drop and impact-testing machine (modified IM-201, Tester Sangyo Co., Saitama, Japan), which consisted of a free-falling object (500 g) and a vertical rod. Shock absorption performance was comparatively assessed under the two combinations of examination materials. (b) Photograph of the vertical rod.](BMRI2018-6503568.002){#fig2}

![Flexural strength (left axis, gray) and modulus (right axis, white) of AP16, AP32, and GF. Bars labeled with the same letter showed no significant difference (*p* \> 0.05).](BMRI2018-6503568.003){#fig3}

![Maximum loads from the shock absorption tests. Bars labeled with the same letter showed no significant difference (*p* \> 0.05).](BMRI2018-6503568.004){#fig4}

![Pressure distribution (a) and pressure histogram (b) from the pressure-measurement films. (A) AP32, (B) AP16, (C) AP-APS, and (D) GF-APS. One dot represents an area of 0.125 × 0.125 mm.](BMRI2018-6503568.005){#fig5}

![Maximum stress from the shock absorption tests. Bars labeled with the same letter showed no significant difference (*p* \> 0.05).](BMRI2018-6503568.006){#fig6}

###### 

Materials used in the present study.

  Type                        Sample label   Product name         Manufacturer                           Composition                             Buffering space    Thickness (mm)     Weight (g)^*∗*^
  --------------------------- -------------- -------------------- -------------------------------------- --------------------------------------- ------------------ ------------------ -----------------
  Commercial medical splint   AP32           Rolyan Aquaplast-T   Homecraft Rolyan                       Polycaprolactone                        ×                  3.2                54.5 ± 0.6
  AP16                                                                                                   ×                                       1.6                38.3 ± 0.4         
  Experimental materials      AP-APS                                                                     AP16 (50 × 50 mm)+ APS (100 × 100 mm)   ○                  Min 1.6--Max 3.2   41.2 ± 0.1
  GF-APS                                                          GF (50 × 50 mm) + APS (100 × 100 mm)   ○                                       Min 1.6--Max 3.2   41.6 ± 0.2         

 ^*∗*^APS: AP16 with buffering space (APS);  ^*∗*^GF: glass-fiber-reinforced plastics (AP + glass fiber cloth (4 sheets)).  ^*∗*^Sample size: 100 × 100 mm, including cushioning materials.
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